In some areas of Estonia, groundwater contains a significant number of natural radionuclides, especially radium isotopes, which may cause radiation protection concern depending on the geological structure of the aquifer. Indeed, the parametric value of 0.1 mSv y −1 for the total indicative dose established by European Directive 98/83/EC, adopted as a limit value in Estonian national legislation, is often exceeded. A Twinning Project between Estonia and Italy was carried out within the framework of the Estonian Transition Facility Programme, sponsored by the European Union. Its aims were to assess the radiological situation of Estonian groundwater and related health consequences. The first step was a study of Estonian aqueducts and the population served by them, and a thorough analysis of the radiological database for drinking water, from which the relevant effective doses for the population were obtained. Particular attention was devoted to doses to children and infants. Correlations between the chemical parameters were investigated, in order to suggest the best possible analytical approach. Lastly, a monitoring strategy, i.e. sampling points and sampling frequencies, was proposed.
Introduction
In some regions of the Republic of Estonia, natural radionuclides in groundwater are found in not negligible concentrations (Mokrik et al 2009) . Namely, the concentrations of 226 Ra and 228 Ra are high in most water resources in Northern Estonia, resulting in substantial doses. When EC Directive 98/83 (EC 1998) was transposed into national law, the parametric value of the total indicative dose of 0.1 mSv y −1 was conservatively established as a limit, which entailed a remarkable number of non-compliances in local aqueducts. Besides regulation problems, concern for the health of a considerable part of the population also arose. For these reasons, the European Union sponsored a Twinning Project between Estonia and Italy concerning the 'Estimation of concentrations of radionuclides in Estonian ground waters and related health risks', within the framework of the Estonian Transition Facility Programme. The project was carried out in 2009 and undertook the following specific tasks:
(I) revise existing data on radioactivity in water resources; (II) evaluate doses to population and establish criteria for risk assessment; (III) give suggestions for a monitoring upgrade, both in terms of analytical techniques and sampling planning; (IV) suggest strategies for remedial action, in order to set up local-scale, sustainable remedial actions.
As a result of the project, Estonian Authorities were provided with the appropriate knowledge and tools to face the problem of radioactivity in drinking water through different but complementary pathways (EC 2010) . In this paper only points I-III will be discussed.
Geological background
The presence of small amounts of radionuclides in drinking water is quite a common natural phenomenon. Both ground and fresh waters contain variable amounts of elements (Ca, Mg, Na and so on) coming from the erosion and dissolution of rocks. Radionuclides of the natural series (U and Th) are transferred into water in a similar way. For chemical reasons, uranium isotopes are usually the most abundant dissolved radionuclides. High concentrations of radium isotopes are relatively uncommon, particularly in extensive areas (IAEA 1990, Cothern and Rebers 1990) . Since radium isotopes are more radiotoxic than uranium ones, significant doses may occur when their concentration is relatively high. This is observed in some counties of the United States (Hess et al 1985 , Reid et al 1985 and in smaller areas of other countries (e.g. Spain, Sweden, Israel) (Fernández et al 1992 , Isam Salih et al 2002 , Vesterbacka et al 2005 , Baeza et al 2008 , Koch and Haquin 2008 , Vengosh et al 2009 . Due to geological reasons, some ground waters in Northern Estonia also contain a not negligible amount of radium isotopes.
In Estonia there are four superposed groundwater tables called Quaternary (Q), Silurian (S), Ordovician (O) and Cambrian-Vendian (Cm-V) aquifers, according to their geological origin (Perens and Vallner 1997) . High radioactivity concentrations are found especially in the Cm-V aquifer, a large and quite deep (200-400 m) aquifer, the deepest in Estonia, that becomes shallower (90-100 m) near the coastal area. In Northern Estonia aqueducts are mainly supplied by this aquifer which is a confined system, with a low probability of getting polluted, whereas the other aquifers are too superficial and polluted to be utilised.
From a geological point of view, the Cm-V aquifer is mainly made of siltstones and sandstones, and lies on a basement of crystalline rocks (granite, gneiss). The Cm-V aquifer is protected above by the Lontova aquitard and is divided into two sub-aquifers: Voronka (V2vr) and Gdov (V2gd, deeper) .
Isotopic analyses, mainly of 18 O (Raidla et al 2009) , suggest that Cm-V water is extremely old and the aquifer is not recharged by meteoric water, since the Lontova aquitard protects it very effectively. Only in areas of anciently buried valleys some infiltration of more superficial water can take place and, consequently, lower radionuclide concentrations are found. This fossil water is a mixture of Scandinavian continental melt ice of the last glaciation (Weichelian ice age), with much older brines rich in sodium and chlorine. In Northern Estonia glacial water predominates, while in Central and Southern Estonia brines give the higher contribution. In Central and Southern Estonia the water in the Cm-V aquifer is deeper and saltier; not suitable for drinking, it is rather used for thermal baths. The residence time of water in this aquifer was calculated to be several tens of thousands years.
Na and Cl concentrations are generally high in Cm-V, and in some areas even less common anions and cations (F and Ba) exhibit unusually high concentrations. Some studies have tried to correlate radioactivity concentration with dissolved salts (Na, Cl and especially Ba), but no conclusive evidence has yet been found (Karro and Marandi 2004 , Marandi 2007 , Mokrik et al 2009 .
The high radium concentration in these aquifers may be attributable to its prolonged contact with the quite radioactive crystalline rocks of the basement, the reducing conditions of the aquifer supporting radium solubility and the presence of smectite-illite clays, in which a mechanism of absorption-desorption of radium can take place (Mokrik et al 2009) . Nonetheless, the phenomenon is still to be fully elucidated.
Available information on Estonian aqueducts and waters
The first part of the project consisted of a study of the Estonian aqueducts and the population they serve, and an analysis of the available radiological database of drinking water, mainly using geographic criteria, in order to evaluate its representativeness. The available data refer to single wells which supply distribution stations. Each distribution station gets water mostly from one well-sometimes from more wells-of similar depth and close to one another, this is why the analytical outcomes of wells have been assumed to be representative of the distribution station. The 'water supply zone' (WSZ) is intended in this paper as the area served by one or more (but close and similar) distribution stations.
The Estonian drinking water database
In Estonia 912 water supply zones have been identified serving about 1.1 million people in all. The distribution of WSZs versus served population is shown in figure 1. WSZs of fresh water are included, while water resources from private wells are not. The distribution shows that about 83% (754) of all WSZs serve 500 people or less. Most Estonian WSZs are small-sized and in every county a similar percentage of small WSZs is found.
In recent decades, Estonian Authorities carried out a wide monitoring programme aimed at assessing the radioactivity content of water resources. Since it has long been well known that the radioactivity of Estonian water is mainly due to radium isotopes, uranium being a minor pollutant, monitoring programmes have focused on the measurement of 226 Ra and 228 Ra activity concentrations, and, in some cases, gross alpha and beta activities. Radiometric data were available not in the international literature, but in technical reports, compiled by OÜ Geoloogiakeskus (the Geological Survey of Estonia).
A careful examination of collected data showed that they are not wholly representative. Samples were collected at wells, before any mixing or treatment, thus they are not fully representative of water actually delivered to the population. Moreover, the monitoring was carried out mainly in Northern Estonia-where concern about radiation protection is highercovering 50%-100% of the population. Conversely, the population coverage in Central and Southern Estonia is very low (from 0 to 20%), even considering that radioactivity is lower, though not absent.
Lastly, the data-acquired over many years by different laboratories-are quite inhomogeneous: some concern gross alpha and beta activities, some refer to radium and uranium isotope concentrations and only a few samples are fully characterised. Measurement uncertainties are often lacking, and the procedures employed are sometimes unknown. Despite these limitations, the Estonian database is quite large and allowed the contractors to carry out a deep analysis and to draft some radiation protection remarks. Figure 2 shows the overall number of available radiometric data (gross alpha, beta and radium isotope activity concentrations) for each county and, in brackets, the percentage of population using water whose radioactivity content was measured at least once.
It can be seen that except for the Northern counties-mainly Harjumaa and Ida-Virumaafew analytical data are available for most counties. Moreover, in most Southern counties only gross activity concentrations were measured, which cannot be used to deduce reliable information on radium isotope concentration. Therefore, the following analysis, aimed at identifying areas where drinking water needs radiation protection considerations, is only based on 226 Ra and 228 Ra values.
Radioactivity content of water from different aquifers
A preliminary analysis of the full data set showed that waters from the Cm-V aquifer and its sub-layers (V2gd and V2vr sub-aquifers) have similar radium isotope concentrations (see table 1 ). Notwithstanding that data are not normally distributed (see figures 3-6), standard deviations are given in table 1 to indicate the degree of variability. The two sub-aquifers are claimed to be generally well separated in North Eastern Estonia by the Kotlin clayey formation, but their intensive exploitation caused a difference in hydraulic pressure that favoured water mixing. Available data for aquifers other than the Cm-V one are limited and do not allow for a reliable statistical analysis based on single aquifers. It was therefore decided to cluster the available data in two major groups: (1) Cm-V group that comprises data for waters from the Cm-V aquifers (Cm-V, V2gd and V2vr); (2) non-Cm-V group, including data for all other aquifers (Cambrian, Ordovician, Ordovician-Cambrian, Devonian, Quaternary, Silurian, Silurian-Ordovician).
In figures 3-6, the distribution of activity concentrations and the cumulative percentage are shown for both 226 Ra and 228 Ra and for Cm-V/non-Cm-V groups. The number of available data is also specified.
High radioactivity content of water in Estonian counties
A large number of WSZs (140 out of 912) are fed by Cm-V aquifers and all of them are in the four Northern counties. They account for about 50% of the water supply zones in Harjumaa and Ida-Virumaa, and about 10% in Laane-Virumaa and Laanemaa. If we assume that high levels of radioactivity are found mainly in the Cm-V group WSZs, we can conclude that the problem is mostly limited to 140 WSZs, corresponding to about 250 000 people (22% of the Estonian population). Actually, the 12 biggest WSZs feed water to about 152 000 people, whereas the smallest 83 supply zones serve fewer than 500 people each (see figure 7) . Furthermore, in 16 out of 140 zones, Cm-V group aquifer water is mixed with non-Cm-V aquifer water or surface water.
The Council Directive 98/83/EC on the quality of water intended for human consumption
In December 1998, the Council Directive on the quality of water intended for human consumption (EC 1998) was published in the Official Journal of the European Union. It applies to tap and bottled water, and water used for food production; it does not apply to mineral water. It sets forth three types of parameters: (a) microbiological parameters, (b) chemical parameters and (c) indicator parameters (e.g. Cl, conductivity, odour, taste etc). The Directive also includes radioactivity related requirements. These requirements, however, are not mandatory but only indicative, defined as indicator parameters in Annex I Part C of the Directive. The indicator parameters for radioactivity are reported in table 2. For the assessment of the total indicative dose (TID), the effective dose from 12-month consumption of drinking water should be considered, taking into account all natural and artificial radionuclides, except for tritium, potassium-40, radon and radon decay products.
The indicator parametric value of 100 Bq l −1 for tritium activity concentration was not chosen with the same radiation protection criterion as the TID. As a point of fact, it corresponds to a committed effective dose of 1 μSv y −1 for adults. The relevant text of the Directive reads as follows: 'in the event of non-compliance with the parametric values or with the specifications set out in Annex I, Part C, Member States shall consider whether that non-compliance poses any risk to human health. They shall take remedial action to restore the quality of the water where that is necessary to protect human health'. 226 Ra 4.7 × 10 −6 9.6 × 10 −7 6.2 × 10 −7 8.0 × 10 −7 1.5 × 10 −6 2.8 × 10 −7 228 Ra 3.0 × 10 6.9 × 10 −7
As regards radioactivity, monitoring frequencies, methods and the most relevant locations, they were to be set by the Commission within 18 months after the enforcement of the Directive (EC 1998). These requirements, unpublished as yet, would have suggested to Member States how to guarantee the required level of protection.
The calculation of the total indicative dose (TID)
In 1999, a working party of the Article 31 Group of Experts of the EURATOM Treaty was set up in order to draw up a proposal for an environmental monitoring plan that would guarantee the level of radiological protection required by the Directive. In order to outline this plan, an estimate of water intake by age class was needed; after reviewing the different intake values used by several organisations (EPA, ICRP, UNSCEAR, WHO) those reported in table 3 were chosen.
With these intake values the total indicative dose can be calculated with the following equation:
where C i is the i th-nuclide concentration. The sum should consider each nuclide in the water and its h(g), i.e. the committed effective dose per unit intake, in other words the dose coefficients for different age classes of members of the public. Ra. There being no agreed data about annual consumption for the (10-17) y class, the calculations were made for the two classes (10-12) y and (12-17) y with annual intakes of 450 l y −1 and 600 l y −1 , respectively. These are the rounded values obtained by interpolating the data of table 3. Classes (10-12) y and It can be noticed that both nuclides give the highest committed effective doses per unit activity concentration for infants ( 1 year). Moreover, the committed effective doses for both radionuclides show an increase for the (7-10) y class, reaching higher values for the (10-12) y and (12-17) y classes. This is due to the high radium metabolic absorption in bones during the growth phase, as radium has much the same chemical behaviour as calcium.
Total indicative dose from drinking water for the Estonian population
The total indicative dose from the two radium isotopes in Estonian drinking water was calculated with equation (1) and the parameters in tables 3 and 4, using the radium activity concentrations of the Estonian drinking water database, and assuming a continuous and exclusive use of radioactive water.
Activity concentrations lower than the minimum detectable activity (MDA) had been previously removed, in order to avoid overestimating the dose (actually, the dose estimate gives similar results even considering values lower than the MDA). Only records in which values were available for both radium isotopes were used.
The distribution of doses for the adult age class, for Cm-V and non-Cm-V group waters, are summarised in the following graphs (figures 8 and 9).
TID exceeds the parametric value of 0.1 mSv y −1 in 92% of Cm-V waters. Available data for non-Cm-V waters are scarce; nonetheless, it is worth pointing out that a small percentage of TID values are higher than 0.1 mSv y −1 in this case. This incompliance is even more significant if-with the same radium activity concentrations-the dose is calculated for the infant age class ( 1 y), as shown in figures 10 and 11: TID values are always higher than 0.1 mSv y −1 both for Cm-V and for non-Cm-V waters, with the highest values reaching 12 mSv y −1 . It is worth pointing out that, despite the similar activity concentrations of the two radium isotopes, the contribution of 228 Ra to the total dose is higher, especially for infants ( 1 y), due to the higher ingestion coefficients (table 4). This can be seen in figures 12 and 13, where the average relative contributions of the two Ra isotopes to adult dose and infant dose, respectively, are reported for Cm-V group waters (172 data). The previous figures only considered adults and infants. Committed effective doses for all age classes are shown in table 6 for Cm-V waters.
Council Directive 98/83/EC requires-without any other specification-that a parametric value of 0.1 mSv y −1 for TID be applied. It is therefore reasonable to assume that it is applicable to all age classes of the population. However, in the scientific community there is some debate as to whether it is reasonable to apply this value to non-adult age classes. Indeed, on the one hand, the major contribution to dose over a lifetime is from consumption of drinking water during adulthood. On the other hand, infants and children are much more radiosensitive and, as reported above, radium has a high metabolic absorption rate in bones during the growth phase. Therefore, a significant (and feasible) reduction of the life dose could be achieved by intending the use of low radioactivity water for infants, children and teenagers.
For these age classes, no specific limitation of radioactivity in drinking water has been stated so far in international recommendations/regulations. At the national level two examples of specific attention to infants and children can be reported: the limitation of radium 226 and 228 in drinking and mineral water is provided for by a 2006 regulation in Germany (BU 2006) and in Italy the Ministry of Health issued some recommendations regarding the natural radionuclide content in mineral and spa waters upon a suggestion by the Istituto Superiore di Sanità (Nuccetelli et al 2004) .
The Estonian scenario is an interesting case study to evaluate the advisability of specific countermeasures to reduce the doses to younger age classes from exposure to radioactivity in drinking water.
Correlations between analytical parameters

Purpose
First, correlations between chemical and radiometric parameters were searched for. Since in all countries chemical analyses are currently and easily performed on a large number of drinking water samples, such correlations would have the obvious advantage of identifying high radioactivity values without further analytical efforts.
In the literature, straightforward relationships between chemical and radiochemical parameters, or between groups of different isotopes, can hardly be found (IAEA 1990, Cothern and Rebers 1990) . The peculiarities of Estonian drinking waters stimulated such an attempt.
Radium versus chemical parameters
Statistical analysis was affected by the limited number of samples with both radium isotope data and complete chemical analyses. The group of Cm-V waters was examined (56 data sets). Table 7 reports correlation coefficients (R) between 226 Ra or 228 Ra activity concentrations and some chemical parameters. The strongest correlation (R = 0.802) is found between 228 Ra activity concentration and water mineralisation (the sum of chemical macro-components, approximately the total salt content). A weaker correlation (R = 0.590) is found between mineralisation and 226 Ra. Other chemical parameters such as total residue, sodium, calcium, magnesium and chloride concentrations, show similar high correlations with radium isotopes (table 7): this is reasonable since both mineralisation and total residue are proportional to the amount of dissolved salts and these elements are a major component.
It is interesting to note that the weak correlation with sulfates and pH is a reverse one. This is reasonable since the coprecipitation of radium should increase with a higher pH or a higher sulfate concentration.
Since other parameters-barium, for instance-exhibit potentially interesting correlations, a multiparametric analysis was attempted. In table 8 the percentages of explained variance, of both radium isotopes ( i Ra, i = 226, 228), are reported through the following linear model:
i Ra = α 1 + α 2 ChemPar 1 + α 3 ChemPar 2 + α 4 ChemPar 3. A slight increase in the explained variance is obtained if barium is considered together with mineralisation, though the increase is partly due to the further reduction of the data set (i.e. mineralisation plus barium concentration was available for only 34 samples). The application of this statistical approach is likely to yield meaningful results on a wider set of data.
6.3.
226 Ra versus 228 Ra
The literature clearly shows that no relationship between 226 Ra and 228 Ra should be a priori expected (IAEA 1990 , Cothern and Rebers 1990 , Ivanovich and Harmon 1992 , since the two isotopes belong to two different natural decay series that generally exhibit quite different abundance in rocks; moreover, their parent radionuclides have a very different chemical behaviour. Nevertheless, the results reported in the previous paragraph were a stimulus to investigate the relationship between 226 Ra and 228 Ra. 191 couples of 226 Ra and 228 Ra activity concentrations were used as input parameters.
A preliminary analysis with a non-parametric curve (Kernel regression) clearly suggested the use of a linear regression whose significance has been verified further on (EC 2010). 
whereĈ Ra226 and C Ra228 are the estimated 226 Ra and the measured 228 Ra activity concentrations (in Bq l −1 ), respectively. From these values, the dose for the two radium isotopes and the total dose can be estimated. Applying the ingestion dose coefficients reported in table 4, the following equation is obtained:
where D adults is the total ingestion dose rate for the adult age class in mSv y −1 . In figure 14 a graphic representation is given. Although the activity concentrations of the two radium isotopes are similar, the contribution to the total dose is higher for 228 Ra, as already stressed in section 5. Since the relative contribution of 226 Ra is small, not even a rough estimation of it will heavily affect total dose evaluation. In this simplified treatment some specific assumptions-regarding modelling relationships between variables, accounting for uncertainty as well-have been made (e.g. constant uncertainties of experimental parameters) (Wald 1940) .
As an example, figure 15 reports the graph of total dose calculated from 228 Ra concentration, along with confidence intervals. The width of the confidence interval depends on both the standard error of the linear regression and the uncertainty of 228 Ra concentrations. The dashed lines stand for 95% confidence intervals related to the linear regression (equation (3)), the dot-dashed lines represent the overall confidence intervals assuming a fixed uncertainty of ±0.01 Bq l −1 for 228 Ra concentrations.
Considerations on the choice of analytical parameters
Some results can be drawn from the analysis of correlations between chemical and radiometric parameters.
• Within the group of waters from Cm-V aquifers the variability of radium isotope concentrations can be explained by the degree of water mineralisation and, to a lesser extent, by barium concentration. This correlation could be useful as a preliminary screening and in addressing water monitoring programmes.
• A statistically significant correlation between 226 Ra and 228 Ra was found. This partially contradicts literature data, but it may be justified if the Cm-V aquifer can be considered relatively homogeneous in the studied area. As both rock characteristics and chemicalphysical features of the aquifer are relatively similar, the only quantitative differences may occur in dissolved solids.
• A rough evaluation of total dose can be performed by using 228 Ra concentration only, because the 226 Ra contribution is smaller and calculable from the concentration of 228 Ra by means of the estimated linear model. A first evaluation shows that a total indicative dose of 0.1 mSv y −1 is reached when 228 Ra has a concentration of 0.12-0.15 Bq l −1 .
All these findings should be considered provisional since the data set, especially for the chemical correlation analysis, was small; a wider one is need for confirmation. Statistical analysis and correlation studies are useful tools to be developed especially to provide suitable estimators for anticipatory purposes. 
A proposal for a monitoring strategy
The last step of the project was the proposal of strategies and methods for the effective monitoring of radioactivity in waters to be presented to the Estonian authorities. The proposal included suggestions on analytical parameters to be measured and relevant techniques, together with general requirements for drawing up a representative sampling plan (sampling points and frequencies).
Choice of analytical parameters and techniques
7.1.1. Gross alpha and beta activity determination. In 1984, WHO set 0.1 mSv y −1 as recommended reference dose level-the value later adopted by the Council Directive 98/83/EC and confirmed in the second and third editions of the WHO Guidelines-suggesting the measurement of gross alpha and beta activities as a first screening for radioactivity in drinking water. In the third edition of the Guidelines (WHO 2008) 0.5 Bq l −1 and 1 Bq l −1 were set as screening levels for gross alpha and gross beta activity concentration, respectively. However, when radium isotopes are the prevailing radioactive nuclides in water, this method may not be precautionary: 0.5 Bq l −1 of the alpha emitter 226 Ra alone leads to 0.1 mSv y −1 TID and 1 Bq l −1 of the beta emitter 228 Ra leads to much higher (0.5 mSv y −1 ) dose rates. On the other hand, if the whole gross beta activity is used to estimate the 228 Ra activity concentration, the resulting TID would be largely overestimated, as an important contribution from 40 K is to be expected. In Estonian ground water this is particularly true, because the potassium concentration is relatively high.
The 40 K activity concentration can be easily calculated from the potassium concentration measured with chemical analyses (1 g l −1 of potassium corresponds to 31.7 Bq l −1 of 40 K, which means 28.3 beta particles per second per litre, due to the beta emission yield of 89.25%).
In 78% of the examined cases, the activity concentration of 40 K is higher than 200 mBq l −1 . If 200 mBq l −1 measured were attributed to 228 Ra, the estimate of the total indicative dose rate for adults would be 0.1 mSv y −1 . As shown in figure 16 , the contribution of 40 K to gross beta activity is the prevailing one in nearly 50% of samples.
In conclusion, gross alpha and beta activities are not effective radiological descriptors for Estonian water and their use should not be encouraged.
7.1.2.
The suggested analytical approach and screening levels. As already stressed in the previous paragraphs, the analytical parameters to be determined are the radium isotopes, mainly 228 Ra, being fairly well correlated to 226 Ra and the main contributor to the dose. As regards the screening levels for the two radium isotopes, 0.2 Bq l −1 and 0.5 Bq l −1
were recommended for 228 Ra and 226 Ra, respectively, because they ensure compliance with the parametric value of dose of 0.1 mSv y −1 required by the EC Directive (EC 1998), assuming that water contains only one isotope and that the exposed individuals are adults consuming 730 l y −1 (Risica and Grande 2000) . Taking into account that both radium isotopes ( 228 Ra and 226 Ra) are in the water, on the basis of the analysis discussed in section 6.3, if only 228 Ra is measured, the adoption of the following rule of thumb was suggested:
• waters with 228 Ra < 0. Moreover, the careful evaluation of the existing analytical resources was recommended. Indeed, when choosing analytical methods and priorities, one should first consider their availability: if gamma spectrometry analyses were for instance readily available, an extensive survey based on the measurement of 228 Ra in concentrated water samples with gamma spectrometry (based on 228 Ac gamma energy peaks) would be recommended. Extending monitoring to other radionuclides (particularly 210 Pb and 210 Po), at least in selected cases, could be also considered. Actually, the few available measurements show that their concentrations are not always negligible and they can give an important contribution to the radiation dose. These nuclides are not included in the scope of the European Directive 98/83/EC (EC 1998), but they are reported in the European Recommendation on radon in drinking water (EC 2001).
Sampling plan
When planning a monitoring survey of environmental radioactivity, the first aspect to consider is the aim of the study-e.g. whether the deep knowledge of a phenomenon is required or the evaluation of population dose and health risk-and strategies will vary accordingly.
Moreover, it should be always kept in mind that radiometric analyses are lengthy and more cumbersome than chemical determinations, hence special attention has to be paid to maximising useful results with a sustainable number of measurements.
Lastly, the representativeness of data is another key point in a complex scenario (such as a nationwide survey).
Sampling points.
The aim of the survey is the assessment of the radiation exposure of the Estonian population from drinking water, therefore water should be measured as delivered to consumers. This means that sampling should be performed at the distribution network (downstream pumping stations), in order to account for any variation in water radioactivity resulting from mixing water from different wells or purification treatments. In the case of particularly complex aqueducts, with several distribution hubs, only one sampling per each hub is suggested. Conversely, if the water is neither mixed nor processed before delivery, samples can be drawn directly at wells.
Within the group of WSZs taking water from Cm-V aquifers, a further monitoring should be carried out in order to collect data for more detailed dose assessment; on this basis, the need for countermeasures can be reliably evaluated. As the total number of Cm-V WSZs is quite high (140), it is advisable to start monitoring those distributing water to the largest part of the population, considering that the 12 biggest WSZs supply water to 60% of the people using Cm-V waters. More information is needed for WSZs that do not use Cm-V waters, as the available data are very limited. As a further improvement, the choice of WSZs to be monitored could also take their location into account, in order to guarantee an even distribution over the whole territory.
The possibility of using chemical parameters such as the degree of mineralisation and barium concentration (see section 6.2) as indicators for most radioactive waters from the Cm-V aquifer could also be considered.
Lastly, the representativeness of water monitoring should be increased for central and southern Estonia and for non-Cm-V aquifers in general as the number of data available up to now is inadequate and the resulting dose is not always negligible.
Monitoring frequency.
It is recommended to repeat a sampling and measurement survey at least twice, as significant variations of the content of natural radioactivity are sometimes observed in aqueducts fed by several supply wells when mixing rates are modified. Furthermore, the use of treatment plants before water delivery can affect differently the radioactivity of water at the tap. Controls should be repeated according to a programme established at the national level.
It has been highlighted that overexploitation of water layers in the Cm-V aquifer is causing its chemical composition to vary, i.e. mineralisation and barium concentration are increasing, as deep water is drawn from the fractured crystalline basement Marandi 2004, Marandi 2007) . For this reason, the follow up of temporal variations of radioactivity at selected points could also be useful. In this case, the highly exploited Cm-V aquifers should be chosen and sampling should be done at wells before any treatment.
Conclusions
Radioactivity in Estonian groundwater is a well-known problem, and radiometric data have been recurrently acquired for the last two decades, leading to the collection of a bulk of data, especially for Northern Estonia, where the water radioactivity issue is substantial. A careful examination of the ensuing database highlighted some major limitations: (1) the analytical data have been provided by different laboratories and the criteria followed to assure data quality were not always clear; (2) the data are not always fully representative of the delivered water as a result of the choice of sampling points, which were mostly single wells upstream of any treatment or mixing plants; (3) the monitoring was not exhaustive, especially in central and southern regions. As the effort to collect radiometric data is always huge, the planning of monitoring activities must devote great care to defining the target, proper sampling criteria and strategy, as well as the analytical parameters to be measured.
Gross alpha and beta activity values, which are generally recommended as indicator parameters for water radioactivity, proved to be inappropriate descriptors for Estonian waters. On the other hand, since the major portion of the total dose is due to 226 Ra and 228 Ra, their determination is essential. Some correlations have been found between chemical and radiometric parameters (e.g. radium isotopes concentration versus mineralisation and barium content). These correlations are to be confirmed using a wider set of data, as they can be useful when choosing sampling points and identifying the potentially more hazardous situations on the basis of the chemical analyses usually available for any drinking water. An empirical correlation between 226 Ra and 228 Ra was also found, which allowed for a rough preliminary dose estimate based only on the measurement of 228 Ra. The resulting uncertainties are reasonably low, since the contribution to dose from 228 Ra is considerably higher than from 226 Ra. In spite of the fact that this correlation may be useful in the case under investigation, it is likely not to have a general value. As commonly stated in the literature, owing to the variety and complexity of concurrent phenomena, a rule of thumb that works for a specific aquifer structure can hardly be applied to other aquifers. In any case, when available, hydrogeological information on aquifers should be used in order to investigate possible correlations between radioactivity values and well-defined geological formations. In this case the geological frame, which is quite peculiar to Estonia, was well known and showed a good correlation with radioactivity values, but its applicability to other scenarios must be proved. The analytical data show that the parametric value of TID set in the European Directive on drinking water (EC 1998) is often exceeded for adults mainly in Northern Estonia, where the exploitation of the Cm-V aquifer is more relevant. The aforementioned TID parametric value (0.1 mSv y −1 ) was assumed as a limit when the European Directive was transposed into Estonian legislation. This loss of flexibility will affect the 'cost/benefit analysis' and the choice of suitable countermeasures.
If lower age classes are considered, the doses are higher. In the case of infants (0-1 year), doses range between 0.1 and 12 mSv y −1 for Cambrian-Vendian waters, and between 0.1 and 4 mSv y −1 for other waters. In the authors' opinion, these doses to lower age classes should not be neglected, i.e. regulatory restrictions could be adopted in the use of water with high radium concentration for the preparation of infant formulae and the production of soft drinks, being water for drinks and foodstuff preparation within the scope of EC Directive 98/83/EC. In particular, the use of high-radioactivity water for soft drink production can hardly meet the justification principle.
Remediation strategies, including water treatment plants and diversification of water supplies, will be discussed in a future paper. Nevertheless, some considerations can be made on the structure of Estonian waterworks, for this will influence any operational decision making. Though most aqueducts are small, the 15 biggest waterworks furnish water to about 67% of the population. This fact is essential for both monitoring and remediation purposes: action on a limited number of large aqueducts will entail dose mitigation for a considerable number of people. On the other hand, a remediation strategy for smaller towns will likely aim to rationalise the water distribution network, especially in the case of small waterworks.
